Asthma and eosinophilic bronchitis are characterized by a similar type of eosinophilic inflammation. However, eosinophilic bronchitis differs from asthma in that there is no variable airflow obstruction or airway hyperresponsiveness. We evaluated the roles of vascular endothelial growth factor (VEGF) and microvascular permeability in causing these differences between the two diseases. Inflammatory indexes in induced sputum, exhaled nitric oxide levels, and vascular permeability index were examined in 11 normal control subjects, 19 beclomethasone dipropionate (BDP)-treated subjects with asthma, 20 non-BDP-treated subjects with asthma, and 17 patients with eosinophilic bronchitis. The percentage of eosinophils in sputum and exhaled nitric oxide levels were significantly higher in non-BDP-treated subjects with asthma and patients with eosinophilic bronchitis than in other two groups; however, VEGF levels and vascular permeability index were significantly higher in non- 
philic bronchitis are distinct from those of asthma; however, the etiology of eosinophilic bronchitis and the reason for the absence of variable airflow obstruction in this disease are unknown. The extent to which sputum eosinophilia and airway hyperresponsiveness in patients with asthma are related to one another remains controversial (4) . In patients with eosinophilic bronchitis, there is a clear dissociation between sputum eosinophilia and airway hyperresponsiveness (5) .
We have recently emphasized that airway microcirculation has the potential to contribute to the pathophysiology of asthma (6) . Plasma leakage and mucosal edema formation are features of inflammatory diseases such as asthma, which is associated with edema in the airway wall and narrowing of the airway lumen. In our earlier studies, we found that mucosal edema may have a profound effect on airway function in asthma (6, 7) . It has previously been reported that increased levels of vascular endothelial growth factor (VEGF) in the airway have been implicated in the pathogenesis of asthma (8) . Moreover, a previous study presented evidence that VEGF increases microvascular permeability so that plasma proteins can leak into the extravascular space, leading to mucosal edema and thereby narrow airway diameters, which could amplify the effect of airway smooth muscle contraction (9) . Blood vessels in asthmatic airways are in a hypervascularized, destabilized state, and this also contributes to upregulation of airway microvascular permeability (10) . Therefore, we hypothesized that there may be differences in VEGF levels and the degree of microvascular permeability within the airway walls between asthma and eosinophilic bronchitis. To test our hypothesis, we compared VEGF levels in induced sputum from normal subjects and patients with asthma or eosinophilic bronchitis and examined the contribution of airway microvascular permeability to pathophysiologic differences between the two diseases. None of the results from this study has previously been reported in the form of an abstract.
METHODS Subjects
Thirty-nine patients with asthma, 17 patients with eosinophilic bronchitis, and 11 normal control subjects were included in the study. All normal control subjects were healthy, lifelong, nonsmoking volunteers who had no history of lung disease. All patients with asthma were recruited from respiratory outpatient clinics at our institution and from the staff of Osaka City University Medical School Hospital. All patients with asthma were nonsmokers and satisfied the American Thoracic Society criteria for asthma (11) . In short, they all had episodic cough, wheezing, dyspnea, and normal chest roentgenography results. They also exhibited reduced FEV 1 during asthma attacks and an increase of 20% or greater in FEV 1 in response to a bronchodilator. Methacholine inhalation challenge testing was performed for all study subjects as we previously described (12) . All challenge tests were performed at 13:00 hours to eliminate the effects of diurnal variation. After baseline spirometry and inhalation of diluent to establish the stability of FEV 1 , the subjects were instructed to take slow inspirations in each set of inhalations. All subjects with asthma in this study demonstrated bronchial hyperreactivity to methacholine. Twenty patients with asthma were receiving neither oral nor inhaled corticosteroids. Their regular medication consisted of the ␤2-agonist salbutamol on demand and theophylline. Nineteen patients with asthma were receiving inhaled beclomethasone dipropionate (BDP, 800 g/day) for 8 weeks (BDPtreated subjects with asthma), the ␤2-agonist salbutamol on demand, and theophylline. Medications were not changed during the 1-month period preceding the study and were withdrawn for at least 12 hours before the methacholine challenge test and sputum induction. All patients with asthma were clinically stable, and none had a history of respiratory infection for at least the 4-week period preceding the study. Patients with eosinophilic bronchitis had an isolated cough, no symptoms suggesting variable airflow obstruction, normal spirometric values, normal peak expiratory flow variability (maximum within-day amplitude, a percentage mean of Ͻ 20% over 2 weeks), a provocative concentration of methacholine causing a 20% drop in FEV 1 of more than 10 mg/ml, a normal chest radiograph, and a sputum eosinophilia (sputum eosinophils of Ͼ 3%) (13) . No patients with eosinophilic bronchitis had received oral or inhaled corticosteroids before entry into the study. Atopy in all subjects was defined as one or more positive skin prick responses to 12 common allergens. No subjects in this study were included as subjects in our previous study. Therefore, there is no overlap in the data of this study with our previous studies (14, 15) . All subjects gave their written informed consent for participation in the study, which was approved by the ethics committee of Osaka City University.
Sputum Induction and Processing
Sputum induction was performed 3 days after the methacholine challenge test. Spirometry was performed before inhalation of 200 g of salbutamol via a metered-dose inhaler. All subjects were instructed to wash their mouth thoroughly with water. They then inhaled 3% saline at room temperature, nebulized by an ultrasonic nebulizer (NE-U12; Omron Co., Tokyo, Japan) at maximum output. They were encouraged to cough deeply after 3-minute intervals thereafter. After sputum induction, spirometry was repeated. If the FEV 1 fell, the subjects were required to wait until it returned to baseline value. The sputum sample diluted with phosphate-buffered solution containing dithiothreitol (a final concentration of 1 mM) was then centrifuged at 400 g for 10 minutes, and the cell pellet was resuspended. The slides were prepared using a cytospin (Cytospin 3; Shandon, Tokyo, Japan) and stained with May-Grunwald-Giemsa stain for differential cell counts. The results of differential cell counts of sputum samples were determined as the average of findings by at least two chest physicians obtained on separate occasions in a blind manner. The supernatant was stored at Ϫ70ЊC for subsequent assay of eosinophil cationic protein, VEGF, and albumin. The eosinophil cationic protein concentration was measured by using a radioimmunoassay kit (Pharmacia Diagnostics, Uppsala, Sweden), and the VEGF concentration was measured with an ELISA kit (R&D system Inc., Minneapolis, MN). The minimum detectable level of VEGF in this assay system is 5.0 pg/ml. Albumin concentration was measured by laser nephelometry, and then we calculated the airway vascular permeability index (the ratio of albumin concentrations in induced sputum and serum) (6) . All subjects produced an adequate specimen of sputum; a sample was considered adequate if the patient was able to expectorate at least 2 ml of sputum and if on differential cell counting the slides contained less than 10% squamous cells.
Measurement of Nitric Oxide Levels in Exhaled Air
Exhaled nitric oxide (NO) was measured for all subjects with a chemiluminescence analyzer (CLM-500; Shimazu; Kyoto, Japan) with a resolution of 1 ppb in accordance with American Thoracic Society standards (16) . The response time was less than 0.6 seconds, and the sampling rate was 250 ml/minute. Single-breath, online measurements for the assessment of airway NO were performed at a constant expiratory flow of 6 L/minute for each individual. The mean value of three endexpiratory NO concentrations was calculated for each subject and expressed as ppb. The NO analyzer was calibrated before each experiment with NO-free air and known concentrations of NO in nitrogen.
Statistical Analysis
All values are presented as mean [SD] . Multiple comparisons among groups were analyzed by one-way analysis of variance followed by Bonferroni's correction. The significance of correlations was evaluated by determining Spearman rank correlation coefficients. A p value of less than 0.05 was considered significant.
RESULTS
Baseline pulmonary function parameters, airway hyperreactivity to methacholine, and exhaled NO levels in normal control subjects and patients with asthma and eosinophilic bronchitis are shown in Table 1 . FEV 1 and FEV 1 /FVC were significantly lower in non-BDP-treated and BDP-treated subject with asthma than in normal control subjects and patients with eosinophilic bronchitis. Airway hyperreactivity to methacholine was also exhibited in non-BDP-treated and BDP-treated subjects with asthma, but in neither normal control subjects nor patients with eosinophilic bronchitis. In contrast, exhaled NO levels were significantly higher in non-BDP-treated subjects with asthma and patients with eosinophilic bronchitis than in BDP-treated subjects with asthma and normal control subjects. Similarly, the percentage of eosinophils and the concentration of eosinophil cationic protein in induced sputum were significantly higher in non-BDPtreated subjects with asthma (percentage of eosinophils: 13.0% (Figure 2 ). We found significant correlations between VEGF level and airway vascular permeability index in non-BDP-treated subjects with asthma (r ϭ 0.80, p ϭ 0.0005), BDPtreated subjects with asthma (r ϭ 0.50, p ϭ 0.04), and patients with eosinophilic bronchitis (r ϭ 0.77, p ϭ 0.002) (Figure 3) . Moreover, in non-BDP-treated subjects with asthma, the percentage of eosinophils, VEGF levels, and airway vascular permeability index were negatively correlated with FEV 1 /FVC and airway hyperreactivity to methacholine (Table 2) . However, in BDP-treated subjects with asthma, only VEGF levels and airway vascular permeability index were significantly correlated with these parameters of airway function, whereas the percentage of eosinophils was not. In patients with eosinophilic bronchitis, there was no correlation between VEGF levels or vascular permeability index and airway function. In addition, we also found significant correlations between VEGF level and the percentage of eosinophils in only non-BDP-treated subjects with asthma (r ϭ 0.59, p ϭ 0.01) but not in BDP-treated subjects with asthma and patients with eosinophilic bronchitis. 
DISCUSSION
We have demonstrated that the percentage of eosinophils and eosinophil cationic protein levels in induced sputum is increased in patients with eosinophilic bronchitis compared with normal subjects and BDP-treated subjects with asthma. These increases were comparable to those seen in non-BDP-treated subjects with asthma with a similar degree of eosinophilic airway inflammation; however, airflow obstruction and airway hyperresponsiveness were observed in only BDP-treated and BDP-nontreated subjects with asthma but not in patients with eosinophilic bronchitis. These findings strongly suggest that the differences in airway function between asthma and eosinophilic bronchitis are not due to the degree of eosinophilic airway inflammation.
Why then might an apparently similar and equally active airway inflammation in the two diseases be associated with different airway function? It is possible that the site of airway inflammation is different between the two diseases. It has been speculated that airway inflammation in patients with eosinophilic bronchitis is confined to the upper airway because upper airway symptoms are common in these patients; however, eosinophilic bronchitis is not typically associated with a nasal eosinophilia or upper airway hyperresponsiveness (17) . Furthermore, a previous study suggested that the site of airway inflammation in eosinophilic bronchitis is mainly in the lower airways (18) . Another possible reason for the differences in airway function between the two diseases is that in eosinophilic bronchitis the epithelium is intact. We found no differences in epithelial cell count between asthma and eosinophilic bronchitis that would not support this view; however, whether sputum epithelial counts reflect epithelial integrity is unclear. Airway epithelial cells are activated, as reflected by increased inducible NO synthase expression and as an increased concentration of NO in exhaled air (19) . As noted before (20) , we also found no differences in the concentration of exhaled NO between non-BDP-treated subjects with asthma and patients with eosinophilic bronchitis, suggesting that functional abnormalities of epithelial cells may relate more closely to the presence of eosinophilic airway inflammation than the clinical features of the two diseases. The assessment of airway epithelium by means of bronchial biopsies is confounded by variation in epithelial integrity, which may reflect a real effect of disease or an artifact (21); therefore, the biopsy material is inadequate for testing this hypothesis. An alternative explanation is that the inflammatory cell infiltration in eosinophilic bronchitis is more localized to the epithelium so that mediators released by infiltrating inflammatory cells reach airway smooth muscle in lower concentrations than in asthma. In fact, a previous study reported that vasoactive and bronchoconstrictor mediators such as cysteinyl-leukotrienes, prostanoids, and histamine are present in higher concentrations in induced sputum from patients with eosinophilic bronchitis than in that from patients with asthma (22) . These observations suggest that airway inflammation might preferentially localize in the superficial airway structures in patients with eosinophilic bronchitis. In this regard, it may be that inflammatory cells localizing in the superficial structures, perhaps adjacent to sensory nerve endings, are particularly important in the genesis of heightened cough sensitivity in eosinophilic bronchitis.
VEGF is known as a vascular permeability factor. It was reported that VEGF induces fenestration in endothelial cells in both the in vivo and in vitro models (23, 24) . Thus, VEGF in the airway is thought to cause leakage of the mucosal and submucosal capillary beds and induce airway wall thickness. Interestingly, this study indicates that there may be an active airway inflammation in asthma with release of VEGF. In fact, VEGF levels were increased in only individuals with asthma but not in patients with eosinophilic bronchitis. There are potential limitations in directly interpreting the degree of airway vascular permeability (25) . Moreover, because plasma extravasation and airway edema are supposed to be part of an inflammatory response, it was reasonable to expect that airway vascular permeability would be affected the magnitude of inflammatory response. Therefore, we tried to find the index, which is specific to airway microvascular extravasation rather than airway inflammation. Accordingly, we did not simply evaluate albumin levels in induced sputum but a ratio of albumin concentrations in induced sputum and serum as a reliable index of airway microvascular extravasation. Although eosinophilic airway inflammation was completely inhibited by inhaled BDP therapy, VEGF levels and the airway vascular permeability index in BDP-treated individuals with asthma were still higher than those in normal control subjects and patients with eosinophilic bronchitis, resulting to sustained disordered airway function in these patients. BDP therapy in this study might be incomplete in duration or dose to control VEGF production, airway vascular permeability, and airway function. A recent study revealed that a humanized monoclonal antibody against interleukin-5, which effectively depleted eosinophils from blood and induced sputum in patients with asthma, had no effect on airway hyperresponsiveness (26) . Because antiinterleukin-5 could not completely deplete bronchial mucosal eosinophils and their granule products (27) , we cannot exclude the possibility of an important role for eosinophils in causing abnormal airway function in asthma. Therefore, asthmatic airway inflammation may be a heterogeneous process of which sputum eosinophilia comprises only one part, and it may be that sputum eosinophilia and VEGF-mediated microvascular hyperpermeability reflect different components of the inflammatory process. In fact, in non-BDP-treated individuals with asthma, the percentage of eosinophils, VEGF levels, and airway vascular permeability index were negatively correlated with the degree of airflow obstruction and airway hyperresponsiveness; however, in BDP-treated individuals with asthma, only VEGF levels and airway vascular permeability index were significantly correlated with these parameters of airway function, whereas the percentage of eosinophils was not. Moreover, VEGF levels were significantly correlated with the airway vascular permeability index in non-BDP-treated and BDP-treated individuals with asthma and patients with eosinophilic bronchitis. Therefore, increased airway microvascular permeability induced by accelerated production of VEGF may contribute to differences in airway function between asthma and eosinophilic bronchitis. Recently, it was reported that newly generated blood vessels in asthmatic airways are leaky, immature, and unstable and that this angiogenesis and microvascular leakage, and consequent thickening of the airway wall mucosa, lead to narrowing of the airway lumen (28) . A previous study determined that the number of mast cells in the bundle of airway smooth muscle from subjects with asthma was significantly higher than that in patients with eosinophilic bronchitis and that the mast cell infiltration into airway smooth muscle is associated with the disordered airway function found in asthma (29) . These findings suggest that small increases in bronchial wall thickness induced by VEGF could produce striking changes in airway responsiveness to various bronchoconstrictor mediators by infiltrating mast cells. Thus, mucosal edema induced by VEGF may have a profound effect on airway function and can explain the heightened reactivity characteristic of asthma. In contrast, mucosal edema formation is not induced in the airway walls with eosinophilic bronchitis because VEGF production is not enhanced in these patients.
In summary, we believe that there are some contributing factors to differences in airway function between asthma and eosinophilic bronchitis; however, our findings suggest that a key factor in the development of variable airflow obstruction and airway hyperresponsiveness is the increased level of VEGF but not sputum eosinophilia. Moreover, our findings support the speculation that the interaction between airway microcirculation and VEGF is a key element in the development of disordered airway function. The observations in this study have potential implications for our outstanding of the pathogenesis of asthma and eosinophilic bronchitis and the pathophysiologic role that airway microvascular permeability plays in asthma.
Conflict of Interest Statement : H.K. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; S.N. does not have a financial relationship with a commercial entity that has an interest in the subject of this article; J.Y. does not have a financial relationship with a commercial entity that has an interest in the subject of this article.
